Summary: To annotate newly sequenced organisms, cross-species sequence comparison algorithms can be applied to align gene sequences to the genome of a related species. To improve the accuracy of alignment, spaced seeds must be optimized for each comparison. As the number and diversity of genomes increase, an efficient alternative is to cluster pairwise comparisons into groups and identify seeds for groups instead of individual comparisons. Here we investigate a measure of comparison closeness and identify classes of comparisons that show similar seed behavior and therefore can employ the same seed. Availability: Source code is freely available at
INTRODUCTION
With the recent improvement in DNA sequencing, the next few years will bring a significant increase in the number of available genomes (NHGRI Genome Sequencing Proposals, 2008) , faster than the generation of gene and protein sequences needed to annotate them. Mapping existing mRNA sequences from a related species is an efficient means to annotate these genomes, one which requires accurate and robust alignment tools that can be readily used, with little or no human intervention, for a variety of comparisons.
One of the most important factors in cross-species sequence alignment programs is the match pattern (seed) they use to identify exact or near-exact word matches between the two given sequences, which are later extended to local alignments. The Blast (Altschul et al., 1990) seed requires an exact match of 11 contiguous positions and is represented by 11 consecutive 1s. Such seed, however, may miss some similarities as mutations spread across the sequence. To improve the sensitivity of alignment, a recent approach involved match-mismatch {0,1} spaced seeds (Brejová et al., 2004; Buhler et al., 2003; Ma et al., 2002) , which allow for wildcard positions in the seed pattern, marked with 0s. Judiciously chosen spaced seeds that take into account the characteristics of the alignment were shown to achieve signficantly higher sensitivity than continuous seeds (Buhler et al., 2003; Keich et al., 2004) . * To whom correspondence should be addressed.
For cross-species cDNA-to-genome alignment, seeds can be further improved by incorporating transitions and transversions into the model. In (Zhou and Florea, 2007) , we proposed a framework that differentiated between transitions and transversions, by using an additional alphabet symbol x, as well as among the three codon positions, by using a third order inhomogeneous 3-periodic Markov model of cDNA-to-genome alignments, which we also use here. In the seed, x marks a position that allows matches or transitions, but not transversions. Given a seed, its weight is defined as W = n 1 + 0.5·n x , and its span is k = n 1 + n 0 + n x . Here, n i is the number of i symbols in the seed, and we use a fixed seed span k = 22 (Buhler et al., 2003) . For the seed 1xx1011x101x1001001000, its combination is n 1 = 9, n 0 = 9 and n x = 4 and its weight is 11.
The performance of a spaced seed is determined by its sensitivity and specificity. In previous work (Zhou and Florea, 2007) we showed that seed specificity, defined there as the inverse of the expected number of matches in the genome of a coding k-mer, is roughly constant for a given seed weight, whereas sensitivity varies widely. Therefore, herein we focus on sensitivity when evaluating seeds.
The sensitivity of a seed is defined as the probability that it will detect a random alignment of length L = 64 (Buhler et al., 2003) generated from an alignment model, and can be calculated recursively (Keich et al., 2004) . An optimal seed is defined as a seed with the highest sensitivity. For a given seed weight W and (n 1 ,n x ,n 0 ) combination, optimal seeds can be determined by exhaustively searching the seed space, and near-optimal seeds can be determined efficiently with hill-climbing (Buhler et al., 2003) .
Designing optimal spaced seeds for a single comparison is computationally expensive, due to the large number of permutations within any (n 1 ,n x ,n 0 ) combination and the complexity of computing the sensitivity of a seed (Ma and Li, 2007) . As the number of sequenced organisms increases, the number of possible pairwise comparisons grows quadratically with the number of species. An efficient alternative to determining seeds for each individual comparison is to find a small set of seeds that can be used by a large set of comparisons. One approach that we explore here involves clustering all pairwise comparisons of interest into a small number of groups. We have previously shown that similar alignment models produced similar behavior of seeds (Zhou et al., 2008) . We called such models seed equivalent, and one optimal seed would then satisfy all comparisons in a seed-equivalence group. We address the questions: (i) How do we measure the closeness of comparisons? (ii) How do we group comparisons? (iii) How do we validate the groups?
How can we determine whether two models are sufficiently close to be seed equivalent? We investigated the relationship between the alignment Markov models representing comparisons using a conventional distance measure between their probability distributions. The Kullback-Leibler Divergence (KLD) (Cover and Thomas, 1991) can be applied on the space of alignment words X = {0,1,x} L to produce a distance between the two models:
To assess the effectiveness of the KLD as an indicator of seed equivalence among comparisons, we applied it to a set of 12 vertebrate species including human, chimp, macaque, mouse, rat, cow, dog, opossum, chicken, frog, fugu and zebrafish. The 66 pairwise comparisons offer a wide diversity of evolutionary distances and mutation patterns, and thus are a good testbed for our methods.
We outline the four-step procedure here, and details are provided in the Supplementary Material: (i) determine homologous genes by two-way Blast comparisons between the mRNA gene sets; (ii) generate alignment Markov models from pairwise alignments of gene homologs; (iii) calculate KLD distances between models and cluster comparisons represented by the profile of KLD distances; and (iv) determine and evaluate optimal seeds (Zhou and Florea, 2007) .
RESULTS
The 66 comparisons were distributed into four clusters, which have remarkable biological relevance (Fig. 1) . Cluster L 1 includes the four comparisons between evolutionarily very close species (5-12 Mya), at the shallowest level in the phylogenetic tree of the species. Cluster L 2 includes 17 comparisons, at the intermediate level in the tree. Cluster L 3 contains 15 comparisons, between relatively divergent species (160-310 Mya). Lastly, cluster L 4 consists of 30 comparisons, representing some of the most distant comparisons among vertebrates (>350 Mya), at the deepest levels in the phylogenetic tree.
We further searched for optimal seeds with weights 11-16 and for all (n 1 ,n 0 ,n x ) combinations for each cluster and for individual comparisons using a hill-climbing heuristic. The resulting seeds for each weight are listed in Supplementary Table S1 .
To validate the clusters, we evaluated seeds optimized on one cluster, or on comparisons within one cluster, when applied to the other clusters. In all cases, seeds performed best on their cluster of origin (Supplementary Tables S2-S4 ). Additionally, we empirically evaluated seeds optimized for the four clusters when incorporated into a cross-species cDNA-to-genome alignment program-sim4cc (L. Florea and L. Zhou, unpublished) , when tested on 823 human-mouse (L 2 ) and 232 human-zebrafish (L 4 ) alignments. The results confirmed those from the earlier tests (Supplementary Table S5 ).
CONCLUSIONS
We showed how to group similar comparisons into seed-equivalence classes to significantly reduce the number of optimal seeds, and derived good seeds for classes of comparisons spanning the vertebrate species tree. We developed and made freely available two software packages, to train the Markov models from a set of homologous gene sequences and to calculate the KLD distance between models efficiently. The collection of seeds and methods has immediate and important implications for designing userfriendly alignment tools that can be robustly and seamlessly used by biologists in their analyses, regardless of the species compared.
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